Introduction
============

Despite the fact that the branched-chain amino acids are essential components of the mammalian diet, our understanding of their metabolism in plants remains far from complete. The synthetic pathways for leucine, isoleucine, and valine are relatively well established ([@bib46]; [@bib22]). Intriguingly, activity of the same set of enzymes of two pathways running in parallel leads to different products, valine and isoleucine. Leucine biosynthesis, however, branches off from the valine pathway at the α-ketoisovalerate intermediate and undergoes four further enzymatic transformations ([Fig. 1](#fig1){ref-type="fig"}; [@bib24]; [@bib31]). By contrast, the pathways of branched-chain amino acid degradation ([Fig. 2](#fig2){ref-type="fig"}) are relatively poorly understood. They have, however, been clearly demonstrated to be important for peptide elongation, glutamate recycling, branched-chain ester formation, and branched-chain fatty acid synthesis ([@bib28]; [@bib57]; [@bib32]; [@bib8]; [@bib34]; [@bib3]; [@bib21]). In addition, during senescence, when carbohydrate availability is limited, the branched-chain amino acids represent a highly important respiratory substrate. Not only do they provide substrates to replenish the tricarboxylic acid (TCA) cycle ([@bib54]; Engquist *et al.*, 2008), but it has also recently been demonstrated, via interaction with the electron transfer flavoprotein complex, that they provide electrons directly to the mitochondrial electron transport chain ([@bib25], [@bib26]; [@bib2]). Moreover, the enzymes \[branched-chain amino transferases (BCATs)\], which catalyse the interconversion of branched-chain amino acids and branched-chain keto acids have been comprehensively biochemically characterized in *Arabidopsis* and tomato ([@bib11]; [@bib51]; [@bib30]; [@bib37]; [@bib52]). Mutant and transgenic approaches have also been used to evaluate the functional importance of various BCAT isoforms in *Arabidopsis*, tomato, melon, and *Nicotiana benthamiana* ([@bib30]; [@bib18]; [@bib7]; [@bib20]; [@bib37]; [@bib52]). These genetic analyses have variously highlighted the (species-specific) importance of members of the BCAT gene family in amino acid, glucosinolate, hormone, and volatile organic compound metabolism ([@bib30]; [@bib18]). In previous studies of *Solanum pennellii* introgression lines, several robust quantitative trait loci (QTL) were identified for Leu, Ile, and Val accumulation ([@bib49], [@bib50]) and the BCAT gene family was evaluated as candidates underlying some of these QTL ([@bib37]). Our analysis has been extended here to coarse-map the chromosomal locations of an additional 24 genes encoding 23 enzymes associated with the synthesis or degradation of branched-chain amino acids, finding that a further seven of these pathway-associated genes co-located with the above-mentioned QTL, whilst one more, the ketol-acid reductoisomerase (KARI), also mapped close to a co-ordinate QTL. The level of expression of ketol-acid reductoisomerase and dihydroxy-acid dehydratase were found to be invariant in the respective introgression lines with which they co-locate, whereas that of isopropylmalate dehydratase small subunit (hereafter referred to as IPMD) was differentially expressed in introgression lines harbouring the *S*. *pennellii* allele. Using reverse genetics it was possible to rule out that ketol-acid reductoisomerase and dihydroxy-acid dehydratase (DHAD) played a role in determining fruit BCAA levels, and to confirm that differences in expression of small subunit isopropylmalate dehydratase were, at least partially, responsible for the BCAA QTL co-locating with it on chromosome 6. Despite the lack of effect on fruit BCAA levels in the KARI and DHAD transgenics, the levels of these metabolites in the leaves of all transgenics were dramatically reduced, implying that all three enzymes share in the control of BCAA synthesis in the illuminated leaf. The combined data are discussed here in terms of current models for both the metabolic and the genetic regulation of these essential amino acids.

![Biosynthetic pathways of valine, leucine, and isoleucine in plants: (1) threonine dehydratase (TD), (2) acetolactate synthase (ALS), (3) ketol-acid reductoisomerase (KARI), (4) dihydroxy-acid dehydratase (DHAD), (5) branched-chain aminotransferase (BCAT), (6) 2-isopropylmalate synthase (IPMS), (7) 3-isopropylmalate dehydratase (IPMD), (8), 3-isopropylmalate dehydrogenase (IPMDH), (9) pyruvate dehydrogenase (PDH).](jexboterr091f01_lw){#fig1}

![Catabolic pathways of valine, leucine, and isoleucine in plants. (5) Branched-chain-amino-acid transaminase (BCAT), (10) 3-methyl-2-oxobutanoate dehydrogenase (MOBDH), (11) acyltransferase transferring groups other than amino-acyl groups (ACT), (12) acyl-CoA dehydrogenase (ACAD), (13) methylcrotonyl-CoA carboxylase (MCBB), (14) enoyl-CoA hydratase (ECH) , (15) 3-methylglutaconyl-CoA hydratase, (16) 3-hydroxyisobutyryl-CoA hydrolase (HIBCH), (17) 3-hydroxyacyl-CoA dehydrogenase (HACDH), (18) hydroxymethylglutaryl-CoA synthase (HMGS), (19) 3-ketoacyl-CoA thiolase (KAT), (20) aldehyde oxidase AO, (21) aldehyde dehydrogenase (ALDH), (22) hydroxymethylglutaryl-CoA lyase (HMGCL).](jexboterr091f02_lw){#fig2}

Materials and methods
=====================

Plant material and growth conditions
------------------------------------

The *S*. *pennellii* introgression lines in which each line contains a single introgression from *S*. *pennellii* (LA 716) in the genetic background of the processing tomato variety *S*. *lycopersicum* M82 ([@bib15]; [@bib43]) were used. Transgenics were created expressing ketol-acid reductoisomerase, dihydroxy-acid dehydratase, and isopropylmalate dehydratase in the antisense orientation in the *S*. *lycopersicum* Moneymaker background. Plants were grown under long-day conditions (16/8 h day/night cycle) at 22 °C and 50% humidity as described previously in the literature ([@bib5]).

Southern blot hybridization
---------------------------

Genomic DNA was isolated from leaves using the standard CTAB method ([@bib13]). 10 μg of DNA were digested with different restriction endonucleases, separated in 0.7% TAE agarose gels and alkali blotted onto Porablot NY Amp nylon membranes (Macherey-Nagel, Germany). Hybridization was performed with P-labelled cDNA clones overnight at 65 °C. The tomato cDNA clones related to BCAA metabolism were obtained from the TIGR Tomato EST database or generated by RT-PCR. They were verified by sequencing and right annotated clones were used as a probes. Clones were mapped by restriction fragment length polymorphism (RFLP) after screening for polymorphism between the parental lines (M82 and *S*. *pennellii*).

cDNA synthesis and RT-PCR analysis
----------------------------------

Total RNA was extracted from the different tissues of tomato according to the method described by [@bib44]. Oligo(dT)-primed cDNA was synthesized using SuperScript III Reverse Transcriptase (Invitrogen, Germany) and total RNA as the template. After RNase H treatment, 1/10 of the cDNA reaction volume was used for PCR with gene-specific primers (see [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). Expression levels of the KARI, DHAD, and IPMD genes were determined by RT-PCR in leaves of distinct ILs and across different organs and fruit development of cultivated tomato by quantitative RT-PCR. Reactions (10 μl) containing 500 nM gene-specific primers in 1× Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) plus dilutions of tomato cDNA were run on an ABI7000 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Amplification conditions were 2 min at 50 °C, 10 min at 95 °C, 40 cycles each of 15 s at 95 °C followed by 1 min at 60 °C; 15 s at 95 °C; 20 s at 60 °C; and 15 s at 95 °C. Data analysis was performed with the SDS 2.2.1 software (Applied Biosystems). mRNA expression was analysed by Student\'s *t* test and one-way ANOVA, followed by the Tukey post-hoc test. *P* \<0.05 was considered statistically significant. The amount of KARI, DHAD, and IPMD transcripts in transgenic plants was determined by RT-PCR analysis. Amplification reactions were curried out in a PTC-200 Peltier Thermal Cycler (MJ Research) using the following amplification profile: initial denaturation at 94 °C for 3 min followed by 30 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 1 min. Primer sequences can be found in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online. Amplification products were electrophoresed on a 1.2% agarose gel, stained with ethidium bromide, and band intensities were quantified using a Gel Doc XR system (Bio-Rad Laboratories, Germany).

Construction of transgenic plants
---------------------------------

The 1327 bp fragment of KARI, the 1897 bp fragment of DHAD, and the 875 bp fragment of IPMD were amplified from tomato cDNA using the gene-specific primers listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online. Amplified fragments were cloned first in the pENTR SD/D TOPO vector (Invitrogen) and then sub-cloned into the binary Gateway vector pK2WG7 ([@bib29]) in the antisense orientation under the control of the 35S promoter, using the Gateway Technology system (Invitrogen). Constructs were introduced into tomato plants (cv. Moneymaker) by an *Agrobacterium*-mediated leaf disc transformation method ([@bib38]). Transgenic plants were selected on kanamycin-containing medium (50 mg ml^−1^).

Extraction and analysis of branched-chain amino acids by GC-MS
--------------------------------------------------------------

Samples of fully developed young leaves and red ripe pericarp fruits at 40 days post-anthesis (dpa) were prepared for metabolite analysis as described previously by [@bib47]. The level of all metabolites was quantified by gas chromatography-mass spectrometry exactly following the protocol described by [@bib36], with the exception that the peak identification was optimized to tomato tissues (Roessner-Tuna[@bib34]; [@bib47].

Statistical analysis
--------------------

Student\'s *t* tests were performed using the algorithm embedded into Microsoft Excel (Microsoft, Seattle). The term significant is used in the text only when the change in question has been confirmed to be significant (*P* \<0.05) with the *t* test.

Results
=======

Genetic analysis of branched-chain amino acid metabolism in tomato
------------------------------------------------------------------

QTL for the branched-chain amino acids Val, Ile, and Leu have previously been identified in tomato fruit pericarp of introgression lines resulting from the inter-specific cross of *S*. *lycopersicum* and its wild relative *S*. *pennellii* ([@bib49], [@bib50]). Given the large relatively early estimated evolutionary divergence of these two species ([@bib4]; [@bib27]), it seems reasonable to anticipate a fair degree of genetic polymorphism between them. Our previous study using this material to characterize the branched-chain amino transferase family revealed that this is indeed the case ([@bib37]). The choice was made here to map all the other genes associated with branched-chain amino acid biosynthesis and catabolism whose sequences were available from publicly accessible tomato expressed sequence tag (EST) collections (Van der Hoeven *et al.*, 2003) to chromosomal segments as described by [@bib15]. In order to achieve this goal, the EST collection was first searched for sequences corresponding to the 24 enzymes known to be associated with branched-chain amino acid biosynthesis or degradation ([Figs 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}). The respective ESTs were subsequently cloned from *S*. *lycopersicum*, genomic DNA of the ILs and parental species was digested with a suite of more than 20 restriction enzymes, and chromosomal map locations of the genes were evaluated. On completion of these analyses, genes encoding 24 independent enzymes could be mapped. Of the 30 genes mapped, including six previously mapped BCAT genes, none mapped to chromosome 4, whereas chromosomes 1, 6, 7, 8, 9, and 11 all harboured three genes and chromosome 12 even harboured four genes associated with branched-chain amino acid metabolism ([Fig. 3](#fig3){ref-type="fig"}). When the chromosome positioning of these genes was compared with the previously determined QTL for the branched-chain amino acids, several co-locations were apparent. There are a total of 13 Ile, 17 Leu, and 18 Val QTL with seven of these being common for all three branched-chain amino acids ([Fig. 3](#fig3){ref-type="fig"}). Two of the seven major co-ordinate QTL for branched-chain amino acid content (i.e. those in which the change in amino acid content was consistent for Ile, Leu, and Val) were previously documented to co-localize with distinct isoforms of BCAT ([@bib37]). Whilst our previous study revealed that BCAT1 could well contribute to the QTL, the fact that it also co-localizes with DHAD (TC154979), HIBCH (TC163476), and ACT (TC171921) means that it cannot be ruled out that the QTL is additionally influenced by one of these genes. A further three of these QTL co-localized with the location of structural enzymes in this pathway (IL5-1 with PDH, TC162427; IL6-2-2 with MOBDH, TC171279, ALDH, TC179074, and IPMD, TC191775; and IL10-1 with ACAD, TC154996). However, two of the co-ordinate QTL did not co-locate with any mapped enzymes (ILs 4-1 and 7-1), although the genes for KARI (TC162067) and ALS (TC154185) mapped close to this QTL. These clusters are particularly interesting in light of the recent identification of several regulons defining secondary metabolism (Osbourn *et al.*, 2010). However, it is important to note that, here, the co-clustering genes often belong to both synthetic and degradative pathways of BCAA metabolism, rendering it unlikely that there is a functional significance underlying this pattern.

![Map position of the genes involved in metabolism of BCAA and QTLs. The introgressed fragments in ILs are shown on the left of the chromosomes. QTL are indicated to the right of the chromosomes: blue, leucine; red, isoleucine; green, valine. Abbreviations are the same as for [Figs 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} plus MMSDH, methylmalonate semialdehyde dehydrogenase; ValRS, valine tRNA synthase; and IleRS, isoleucine tRNA synthase.](jexboterr091f03_3c){#fig3}

Following completion of this work a draft tomato genome became available (<http://solgenomics.net/>) and so a search was made for further gene copies of all of the genes described above. In so doing, only a single additional candidate gene, a second DHAD gene sitting at the bottom of chromosome 5 between markers TG351 and TG60, was found. This gene is highly homologous to the one described above so it is somewhat surprising that it was not found in our own mapping study.

Expression analysis in different tomato tissues
-----------------------------------------------

Having now fully described the genetic architecture of branched-chain amino acid metabolism, the decision was taken to test the candidature of some of the co-localizing genes. For this purpose, IPMD, DHAD, and KARI were selected on the basis of the (near) co-localization and the positioning of these enzymes within the BCAA biosynthetic pathways. To gain a better understanding of the different roles of each enzyme, expression analysis was performed by quantitative reverse transcription (qRT)-PCR. The tissues tested were shoots, leaves, and flowers as well as fruit harvested 10, 20, 30, and 40 dpa. Expression of KARI was essentially constitutive; however, IPMD and DHAD displayed different levels of expression; IPMD displaying high expression in leaves and fruits harvested at 40 dpa, whereas DHAD was, by contrast, relatively lowly expressed in these tissues but highly expressed in younger fruit ([Fig. 4](#fig4){ref-type="fig"}).

![Expression profile of ketol-acid reductoisomerase (KARI), dihydroxy-acid dehydratase (DHAD), and 3-isopropylmalate dehydratase (IPMD) genes in different tissues of tomato. Transcript levels were determined by real-time PCR. Data represent mean values ±SE from three independent biological replicates. dpa, Days post-anthesis.](jexboterr091f04_ht){#fig4}

The expression levels of KARI and DHAD in the introgression lines harbouring the respective *S*. *pennellii* alleles of these genes was invariant from that of the M82 control. Intriguingly, however, the two introgression lines IL6-2 and IL6-2-2, both possessing the *S*. *pennellii* allele of IPMD, demonstrate substantial differences in the amount of IPMD transcript ([Fig. 5C](#fig5){ref-type="fig"}). IL6-2 differs from IL6-2-2 by the presence of a longer *S*. *pennellii* genomic region upstream of the 5′ end of the IPMD gene (corresponding to the distance between markers TG177 and TG279). Since we did not map any structural gene encoding either biosynthetic or catabolic enzyme in this region, it would seem reasonable to assume that the observed differences may be determined by a regulatory gene. Indeed, a detailed analysis of the genomic scaffolds of the draft tomato genome encompassing this region (<http://solgenomics.net/>) revealed a total of 17 transcription factors (TFs) and transcription-like proteins in this region in close proximity to the 5′ end of IPMD (see [Supplementary Table S2](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online), however, it is too early to say whether any of these are indeed responsible for the observed changes.

![Expression of Ketol-acid reductoisomerase (KARI), dihydroxy-acid dehydratase (DHAD), and small subunit 3-isopropylmalate dehydratase (IPMD) analysed by real-time quantitative RT-PCR in *Solanum lycopersicum* (cv. M82) and distinct introgression lines (ILs). Data represent mean values ±SE from three independent biological replicates with two technical replicates for each.](jexboterr091f05_ht){#fig5}

Reverse genetic analysis of KARI, IPMD, and DHAD
------------------------------------------------

In order to test the importance of the above-discussed candidate genes directly, a transgenic approach was adopted, wherein the expression levels of KARI, IPMD, and DHAD were individually reduced by using the antisense approach. For this purpose, segments of all three genes were cloned in an antisense orientation in the vector pK2WG7 under the control of the constitutive CaMV 35S promoter. Transformants were selected primarily on the basis of antibiotic resistance followed by subsequent screening by RT-PCR. The relative expression levels in leaf samples of the selected lines are presented in [Fig. 6](#fig6){ref-type="fig"}, which shows that substantial reductions in expression were seen for five KARI lines (numbers 2, 3, 5, 6, and 7), four DHAD lines (numbers 3, 5, 22, and 24 which were all reduced to below detection levels), and two IPMD lines (numbers 1 and 2).

![Expression analysis of antisense suppression lines of tomato. (A) Transcript levels of ketol-acid reductoisomerase (KARI), (B) dihydroxy-acid dehydratase (DHAD), and (C) 3-isopropylmalate dehydratase (IPMD) in transgenic plants carrying corresponding antisense construct and control untransformed plants analysed by RT-PCR.](jexboterr091f06_ht){#fig6}

The levels of BCAAs in samples harvested from source leaves of 8-week-old plants were evaluated next using an established GC-MS protocol ([@bib16]). In each set, the transgenic down-regulated lines essentially displayed reduced levels of all three metabolites ([Fig. 7](#fig7){ref-type="fig"}). For example, in DHAD antisense plants the contents of BCAA were reduced by 24--56% (see [Supplementary Table S4](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). At the same time it should be noted that reduction level of BCAA contents strongly correlated with the level of transcript down-regulation. In the most extreme cases a milder reduction of transcript had no effect on BCAA level. KARI transgenic plants (line 7) which retained the expression of the gene at a level of about 70% of the wild-type expression did not show any reduction in the content of BCAA (see [Supplementary Table S3](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online), whereas in the leaves of the strongest transgenic lines 3 and 6, in which the KARI transcript level was reduced to 27% of the wild-type level, the content of BCAA reached only 49--79% of that in the control plants. Antisense expression of the IPMD gene resulted in a significant decrease in BCAA content (2-fold) only when the level of IPMD expression in transgenic plants was decreased to below 30% of the wild-type level. Given that the QTL had previously been detected in red-ripe fruit, the BCAA content was next determined in such samples harvested from the transgenics. The KARI lines were essentially unaltered with only one statistically significant change in content in any of the lines ([Fig. 8A](#fig8){ref-type="fig"}). DHAD showed a highly variable content, however, this appears to be unrelated to the altered expression level, since the BCAA content increases in lines 22 and 24 yet decreases in line 5 and is unaltered in line 3 ([Fig. 8B](#fig8){ref-type="fig"}). By contrast, IPMD revealed co-ordinately elevated levels of all three BCAAs in the lines, exhibiting the greatest reduction in gene expression ([Fig. 8C](#fig8){ref-type="fig"}), suggesting that it is indeed responsible for changes in their content. In order to characterize this better, the localization of the gene was studied with respect to the levels of the BCAAs in both the overlapping lines IL6-2 and IL62-2 (see map position on the chromosome and the Southern blot hybridized with *S*. *lycopersicum* IMPD). Perhaps surprisingly in light of the fact that the IPMD gene lies in the overlapping region but the lines exhibit differential expression of the gene, was the observation that the greatest change in BCAA levels was observed in the line with invariant expression ([Fig. 9](#fig9){ref-type="fig"}). This suggests that the QTL is not merely a simple expression QTL but a mixed QTL which exhibits altered expression and protein quality.

![GC-MS analysis of BCAA content in the leaves of transgenics. (A, B, C) Data of the evaluation of plants expressing antisense constructs for Ketol-acid reductoisomerase (KARI), dihydroxy-acid dehydratase (DHAD), and 3-isopropylmalate dehydratase (IPMD), respectively. Data represent means ±SE from six independent biological replicates. Asterisks show statistically significant changes according to Student\'s *t* test (*P* \<0.05).](jexboterr091f07_ht){#fig7}

![GC-MS analysis of BCAA content in the red ripe fruits of transgenics. (A, B, C) Data of the evaluation of plants expressing antisense constructs for ketol-acid reductoisomerase (KARI), dihydroxy-acid dehydratase (DHAD), and 3-isopropylmalate dehydratase (IPMD), respectively. Data represent means ±SE from six independent biological replicates. Asterisks show statistically significant changes according to Student\'s *t* test (*P* \<0.05).](jexboterr091f08_ht){#fig8}

![Mapping of the gene encoding small subunit of IPMD and branched-chain QTL. (A) Map positions of IPMD and BCAA QTLs. I, isoleucine; L, leucine; V, valine. (B) Content of BCAAs in red tomato fruits (40 dpa) measured by GC-MS. Data represent means ±SE from six independent biological replicates. Asterisks show significance according to Student\'s *t* test (*P* \<0.05). (C) Southern-blot analysis of ILs.](jexboterr091f09_ht){#fig9}

Having initially focused on the BCAA levels of all three transgenics, our studies were broadened to evaluate the levels of other metabolites which could not be detected within our chromatograms. Starting with the leaf material, quite extensive changes were observed in the metabolite profiles of the KARI antisense lines. Whilst many of these changes were minor or inconsistent across lines, several of them were notable. For example, three of the four lines exhibited increases in the level of serine, cysteine, and phenylalanine, whilst all four lines displayed elevated sucrose levels, and at least three of the lines displayed decreased levels of dehydroascorbate and quinate (see [Supplementary Table S3](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). A similar picture was observed when other metabolic consequences of down-regulating DHAD in leaves was evaluated, with all four transgenic lines displaying clear decreases in their content of cysteine, lysine, and glycine, whilst fructose and sucrose increased in all four lines, and putrescine decreased in three of them (see [Supplementary Table S4](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). In addition, the levels of succinate were decreased, whilst citrate and particularly glutarate increased massively in all DHAD lines. When leaf material of the IPMD lines was evaluated, many changes were observed, however, those which are consistent are once again a decrease in cysteine, phenylalanine, dehydroascrobate, and putrescine whilst, by contrast, fructose, sucrose, and citrate increased (see [Supplementary Table S5](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online).

A similar evaluation of the chromatograms determined for the red-ripe fruit of the transgenics was performed next, starting with the KARI antisense lines. It was perhaps surprising to see that they exhibited very few conserved changes across the lines. However, arginine levels were increased in three of the four lines, as was maltose and dehydroascorbate, whilst inositol was increased in all four of the transgenics (see [Supplementary Table S6](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). Even fewer conserved changes were seen in the ripe fruits of the DHAD lines; whilst there were a considerable number of changes, many of them were in opposing directions in the different lines but threonine, inositol, and glycerol were all increased in three of the four transgenic lines (see [Supplementary Table S7](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). The IPMD lines, however, displayed clearer changes, although they were largely confined to the two lines exhibiting the strongest degree of inhibition of expression. These lines showed similar patterns of change in the levels of phenylalanine, arginine, tyrosine, and histidine, as well as dehydroascorbate, phosphoric acid, inositol, and sucrose, and massive changes in the levels of maltose. In all cases the levels of these metabolites were found at increased levels with respect to the wild type (see [Supplementary Table S8](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online).

Discussion
==========

BCAAs are of crucial importance in tomato fruit not only as essential amino acids for food and feed ([@bib46]; [@bib22]), but they also potentially contribute greatly to flavour as the precursors of volatiles ([@bib20]). Previous studies have described the determination of QTL for BCAAs in tomato fruit ([@bib50], [@bib49]), and shown that two of these are probably controlled by the branched-chain amino transferases BCAT1 and 4 ([@bib37]). The mapping of candidate structural genes has been extended here to the entire pathways of BCAA synthesis and degradation and the reverse genetic characterization of KARI, DHAD, and IPMD is described. In all instances, antisense transgenic lines were created, as well as characterizing the expression levels of each gene in both the wild type across development and in the transgenics and introgression lines of interest. In addition, cloning and sequencing of the alleles of all three genes was carried out (amino acid sequence alignments are provided in [Supplementary Figs S1](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1)--[S3](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). The ultimate aim of these experiments was to understand the metabolic and genetic regulation of branched-chain amino acid metabolism in plants better.

This mapping approach allowed a total of 24 novel localizations of genes encoding enzymes of BCAA metabolism to be identified, whilst subsequent perusal of the draft genome sequence allowed a 25th locus to be identified. Of the seven QTL affected in all three BCAAs, a further seven of these pathway-associated genes co-located with the above-mentioned QTL were identified, whilst one more KARI additionally mapped relatively close to a co-ordinate QTL and was co-expressed in ILs which had one to two BCAA QTL. Therefore two co-ordinate QTL were left for which absolutely no overlap could be identified---those in IL4-1 and IL5-2. Whilst this may appear surprising, it is not without precedent since similar findings have been reported in studies on tomato pigment metabolism ([@bib35]) and in flavone metabolism in maize silks ([@bib39]). It was hypothesized that the co-location of the IPMD with the IL6-2 QTL and the DHAD with the IL12-3 QTL were attractive candidate genes despite the overlap of the latter with the previously characterized BCAT1 ([@bib37]). In addition, the choice was made to characterize KARI, despite the fact that it did not exactly co-localize, given its structural location in the biosynthetic pathway and agronomical importance as a herbicide target ([Fig. 1](#fig1){ref-type="fig"}; [@bib33]).

The expression pattern of the three genes chosen to be targeted was quite distinct, with only DHAD expression reflecting the levels of BCAAs in the various tissues and across fruit development ([@bib6]; [@bib12]; [@bib37]), whereas KARI fluctuated throughout fruit development and IPMD expression troughed at 20 dpa before gradually recovering ([Fig. 4](#fig4){ref-type="fig"}). When compared with BCAT1 and BCAT4, which had previously been characterized, DHAD displayed a similar pattern of expression to BCAT4, which was also demonstrated to operate largely in the synthetic direction ([@bib37]), whilst the others did not show a similar expression pattern to either. Despite the seemingly good correlation between DHAD expression and BCAA content, it was not possible to obtain convincing evidence that it contributes to the BCAA QTL harboured by IL 12-3-1, because whilst two of the transgenic lines displayed elevated levels of the BCAAs, one displayed reduced levels of these metabolites. BCAT1 also mapped to this IL, but our previous claims that polymorphism in BCAT1 is responsible for the quantitative trait variation at this genetic locus ([@bib37]), are in no way negated by the more detailed studied of the genetic architecture of BCAA metabolism presented here. Not only do the DHAD transgenics show no consistent alteration in BCAA levels in fruit ([Fig. 8](#fig8){ref-type="fig"}), but nor do the introgression lines spanning this region display a change in the expression level of the gene ([Fig. 6](#fig6){ref-type="fig"}), suggesting that the three amino acid polymorphisms between the *S*. *lycopersicum* and *S*. *pennellii* alleles (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online) do not alter the properties of this enzyme in a manner critical enough to impact the BCAA content of the fruit. This conclusion is perhaps somewhat lessened by the fact that, following the analyses of these transgenic lines, a second DHAD locus was identified in the tomato genome. However, whilst possible compensatory effects of this gene may explain the lack of effects in the transgenics, the close homology of the genes would make it more likely that the expression of both genes was reduced in the transformants. These observations provide additional support to our previous claim, that the polymorphism in BCAT1 is responsible for the quantitative trait variation at this genetic locus ([@bib37]). Furthermore, it should be noted that the fact that microbial BCAA biosynthesis appears to be largely transcriptionally regulated (Holakto *et al.*, 2009) and that DHAD is a key point for such regulation does, however, suggest that this enzyme may have other key roles in plants.

The candidature of KARI could also effectively be ruled out as a causal gene for fruit BCAA content, since antisense plant lines exhibiting reduced expression of the corresponding mRNA revealed no changes in BCAA content, with the exception of an increase in isoleucine content in line 6 ([Fig. 8](#fig8){ref-type="fig"}). Moreover, the expression of KARI in the introgression lines expressing the *S*. *pennellii* allele was essentially unaltered from the of the M82 control ([Fig. 6](#fig6){ref-type="fig"}). Sequencing of the alleles again revealed polymorphism (this time in four residies; see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/err091/DC1) at *JXB* online). However, this is not entirely surprising when the predicted level of polymorphism between *S*. *lycopersicum* and *S*. *pennellii* is considered ([@bib41]; Kamenetsky *et al.*, 2010). More critically, they are also outside of the essential Mg^2+^ binding points, polar contacts with NADPH, dimer loops, and the C-terminal tail that have been determined by comparison of the crystal structure of plant and non-plant enzymes alike ([@bib33]). That KARI does not appear to have a great influence on the level of fruit BCAA is, in itself, perhaps not overly surprising, given the fact that it did not in fact co-localize to a co-ordinate QTL, however, the fact that it is a herbicidal target ([@bib9]), would suggest that there may be plenty of value in further characterizing the lines generated here.

By contrast with the above two examples, our studies supported an underlying role for IPMD in determining the fruit BCAA content with antisense lines displaying a strong increase in this parameter, at least once expression is reduced below a certain threshold. Moreover, the IPMD gene co-localizes to both IL6-2 and IL6-2-2, with the level of expression being moderately increased in the former but decreased in the latter ([Fig. 6](#fig6){ref-type="fig"}). Whilst a number of TFs have been identified that may be responsible for the differences in these lines, another, perhaps more likely explanation, is that the *S*. *pennellii* allele is less efficient than the *S*. *lycopersicum* one. Such differences in protein quality have already been demonstrated following the approach described here both for the cell wall invertase LIN5 ([@bib17]; [@bib58]) and BCAT4 ([@bib37]). That said, expression levels appear to be the mechanism responsible for the QTL for BCAA determined by BCAT1 at IL12-3 ([@bib37]) and it cannot be formally ruled out that the situation observed here is the effect of combined transcriptional and post-translational mechanisms. Evaluation of the sequence of both alleles does not give strong hints to what would cause this effect, since it is not easy to discern if the only non-conserved sequence polymorphism (L to P) corresponds with any of the critical residues of the determined crystal structure of *Thermus thermophilus* ([@bib40]).

Looking beyond our immediate aims in this study, some further interesting observations were made, namely that, despite the mixed response on fruits, all three sets of transgenics displayed a similar tendency of decreased BCAAs in the source leaves ([Fig. 7](#fig7){ref-type="fig"}). This observation is consistent with the enhanced importance of the enzymes in this tissue which must generate these metabolites *de novo*, since in contrast to the situation in the fruit ([@bib55]; [@bib12]) none will be delivered from other tissues. Once further transgenic lines in the pathway have been created, it will be interesting to perform a pathway-wide analysis of the metabolic control resident in this pathway in an analogous manner to that carried out for the sucrose to starch conversion in potato ([@bib19]). Other interesting leads for future research are the changes in other metabolites, especially certain sugars, organic acids, and amino acids which occur in some, or all, of the transgenic sets, in either the leaf or fruit. It is interesting that these changes are sometimes greater than those in the BCAAs themselves and as such support the growing body of evidence concerning the high functional connectivity within pathways of amino acid metabolism ([@bib1]; [@bib21]) as well as within central metabolism in general ([@bib53]). However, considerable further research will be required in order to understand fully both the metabolic and signalling functions which control such interactions.

In summary, an extensive study of BCAA metabolism in tomato fruit has been carried out here, in order to complement our earlier study of the BCAT gene family in tomato ([@bib37]). These studies revealed that, of the seven co-ordinate QTL, only four harboured candidate structural genes associated with the metabolism of these compounds. It was possible to demonstrate here that IPMD represents an important step in the determination of tomato fruit BCAA levels in addition to BCATs1 and 4 which were characterized in our previous study. That said, evaluation of the BCAA levels in the leaves of all three sets of transgenics studied here revealed that KARI and DHAD, in addition to IPMD, play an important role in determining the levels of these compounds in source leaves. The lack of a clear visible phenotype under normal nutrient-replete conditions suggests that, in order fully to determine the roles of each individual enzyme, it will probably require their growth in response to a wide range of stressors to be tested. The fact that several of the co-ordinate QTL do not co-localize to structural genes suggests that several regulatory genes remain to be identified which control the accumulation of these important metabolites within the tomato fruit.
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